Background: Hereditary haemorrhagic telangiectasia (HHT) is an autosomal dominant disease exhibiting multifocal vascular telangiectases and arteriovenous malformations. The majority of cases are caused by mutations in either the endoglin (ENG) or activin receptor-like kinase 1 (ALK1, ACVRL1) genes; both members of the transforming growth factor (TGF)-b pathway. Mutations in SMAD4, another TGF-b pathway member, are seen in patients with the combined syndrome of juvenile polyposis (JP) and HHT (JP-HHT). Methods: We sought to determine if HHT patients without any apparent history of JP, who were undergoing routine diagnostic testing, would have mutations in SMAD4. We tested 30 unrelated HHT patients, all of whom had been referred for DNA based testing for HHT and were found to be negative for mutations in ENG and ALK1. Results: Three of these people harboured mutations in SMAD4, a rate of 10% (3/30). The SMAD4 mutations were similar to those found in other patients with the JP-HHT syndrome. Conclusions: The identification of SMAD4 mutations in HHT patients without prior diagnosis of JP has significant and immediate clinical implications, as these people are likely to be at risk of having JP-HHT with the associated increased risk of gastrointestinal cancer. We propose that routine DNA based testing for HHT should include SMAD4 for samples in which mutations in neither ENG nor ALK1 are identified. HHT patients with SMAD4 mutations should be screened for colonic and gastric polyps associated with JP.
H ereditary haemorrhagic telangiectasia (HHT) is an autosomal dominant disease of vascular dysplasia. The symptoms of HHT include epistaxis, telangiectases, and arteriovenous malformations (AVMs), which are most often found in the lungs, brain, liver, and gastrointestinal tract. There is wide variation in penetrance and severity of these symptoms in patients even within the same family, 1 suggesting that environmental or other genetic factors influence the phenotype. Mutations in either one of two genes cause HHT. Mutations in the endoglin (ENG) gene are responsible for HHT1 2 and mutations in the activin receptorlike kinase 1 (ALK1) gene for HHT2. 3 Both of these genes encode TGF-b binding proteins and play important roles in regulating endothelial cell growth. 4 5 Screening for mutations in either ENG or ALK1 in HHT patient cohorts yields mutation detection rates of between 62% and 93%. [6] [7] [8] [9] [10] [11] [12] [13] [14] The failure to achieve a 100% detection rate is not unique to HHT. This range of mutation detection rates is similar to that found for many other mendelian disorders, 15 implying that most, if not all, mutation scans share common detection limitations. In the case of HHT, people may have large deletions or insertions, deep intronic mutations affecting splicing, or regulatory mutations in either ENG or ALK1. A subset of the mutation negative samples may instead have a mutation in the as yet undiscovered HHT3 gene recently linked to chromosome 5. 16 Because the majority of HHT patients have been found to have mutations in ENG or ALK1, it is probable that only a small fraction of the remaining cases will be caused by mutations in other genes.
SMAD4 is a key downstream effector of transforming growth factor (TGF)-b signalling. Mutations in SMAD4 and BMPR1A are known to be causative for juvenile polyposis (JP). 17 18 JP is characterised by the presence of five or more hamartomatous gastrointestinal polyps, or any number of polyps in addition to a family history of polyposis. 19 There is an increased risk of gastrointestinal cancers associated with these polyps. Recently, SMAD4 was identified as mutated in a subset of HHT patients with JP, a condition termed JP-HHT syndrome, 20 in which juvenile polyps and anaemia are the predominant clinical features. HHT symptoms vary among patients, but all meet the Curaçao criteria for being either definitely or possibly affected. 21 There is a high penetrance of AVMs in this JP-HHT cohort, particularly in young patients. Importantly, each of these patients has symptoms of both JP and HHT.
Both JP and HHT are diseases known to have a range of clinical presentations and to be variably penetrant. 1 22 One feature common to both disorders is gastrointestinal (GI) bleeding, potentially confounding the correct diagnosis. Because of this potential for uncertainty in diagnoses, we questioned whether, among a cohort of ENG and ALK1 mutation negative HHT cases, there were occult cases of JP-HHT, diagnosed as only having the HHT component of the combined phenotype. Using sequence analysis for SMAD4 mutations, we screened 30 people from an unselected group of HHT patients, who had been referred for DNA based testing for HHT and found to be negative for mutations in either ENG or ALK1.
METHODS

Subjects
Of the the subjects in this cohort, 20 were referred to the genetic diagnostic laboratory at the University of Pennsylvania, five were enrolled through the Dutch HHT Center in the Netherlands, and four were referred through HHT Solutions in Toronto, Canada. Individuals were referred to these centres of DNA based diagnostics because of a Abbreviations: ALK1, activin receptor-like kinase 1; AVM, arteriovenous malformation; ENG, endoglin; GI, gastrointestinal; JP, juvenile polyposis; TGF, transforming growth factor diagnosis or suspicion of HHT (table 1). One patient with HHT was independently assessed at the hospital clinic in Barcelona, Spain, and referred to Duke University for this study after being diagnosed with colon cancer. All participants in this study were enrolled with their informed consent. Clinical subjects also gave consent for their DNA to be used in further research. Enrolment of participants through Duke University and the Dutch HHT Center was given approval by the institutional review boards of the participating institutions (Duke University Health System Institution Review Board Committee, and METC, Utrecht).
Our cohort comprised 30 subjects, of whom 24 (80%) had definite HHT and 6 (20%) had possible HHT, according to the Curaçao diagnostic criteria. 21 Ages of the participants ranged from 18 to 87 years (mean 51.3, median 49). The majority of the subjects reported having a positive family history for HHT (19/30, 63%) while four people reported a negative family history. The remaining seven did not respond to the query on their family history. Visceral lesions were present in 25 people, absent in 3, and not reported in 2. Five different participants noted GI bleeding, and individual subjects report having stroke, migraines, gastric polyps, and liver shunts. One individual had both anaemia and colon cancer, and another had GI bleeding and colonic polyps.
The samples included in this study are a subset of 102 ENG/ ALK1 mutation negative samples from all of the institutions. The 30 participants comprising this cohort had granted consent for additional research using their DNA. They were not selected for SMAD4 testing based on any reported clinical symptoms.
Diagnostic testing and genetic screening
All 30 subjects were screened by direct DNA sequencing of PCR products consisting of the coding exons and adjacent intronic regions for ENG, ALK1, and SMAD4 from genomic DNA. In all cases, any sequence variations found were reamplified and resequenced to confirm the observed changes. The sequences generated were compared with wild type ENG (GenBank accession no. NT_008470 or BC014271), ALK1 (GenBank NT_029419 or NM_000020), and SMAD4 (GenBank NM_005359). There were 113 control individuals screened for the presence of the SMAD4 missense mutation by using a Sau3A restriction digest assay. The mutation destroys the single Sau3A site in the exon 8 amplimer. In all cases, nucleotides were numbered starting with the A in the initial ATG of the cDNA sequence as c.1, and the starting methionine in the protein sequence as p.1 (http:// www.hgvs.org/mutnomen/).
Although all centres used direct DNA sequence analysis to identify point mutations, each diagnostic centre employed a different technique to further examine the DNAs for large scale rearrangements. The 20 samples from the genetic diagnostic laboratory at University of Pennsylvania were tested by quantitative Southern blots. Genomic DNA was digested with RsaI, because most fragments represent individual exons. cDNA probes covering exons 2-14 for ENG and 2-10 for ALK1 were used for the initial analysis. If a change in dosage for any one or more exons was detected, probing with specific individual exonic clones was performed. In addition, genomic probes for exons 1 of both ENG and ALK1 were tested separately. Whole gene deletions were detected by comparison with an internal control (b-globin gene) run on the same filter.
The four samples from HHT Solutions were tested for changes in exon size and copy number using quantitative multiplex PCR with intronic primers for all 15 ENG exons and 9 ALK1 exons. The fluorescent fragments were analysed using Gene Objects software (version 3.1; Bayer). RNA analysis was used in some cases as an additional test where no mutation was found by sequencing or QM-PCR. The five samples from the Dutch HHT Center were probed for exonic deletions or duplications in ENG and ALK1 by MLPA. The DNA from patient 3892 was not examined for genomic rearrangements; however, the coding regions and surrounding intronic regions of BMPR1A were sequenced and compared with a reference sequence (GenBank accession number NM_004329).
RESULTS
Subjects were referred to four different institutions for DNA based diagnostic testing for HHT based on the clinical diagnosis or suspicion of HHT. Of 374 people sent for DNA testing for HHT, 30 had also consented to allow their DNA to be included in research studies. Of these 30, none was known to have JP, although GI bleeding, a feature in common with HHT and JP, was reported for five of the individuals. All 30 of these subjects had been screened for ENG and ALK1 mutations by direct DNA sequencing but no mutations had been found. As part of the attempted molecular diagnosis for HHT, 29 of these people had also been screened for genomic rearrangements of the ENG and ALK1 genes, but no alterations had been uncovered.
We then sequenced the coding exons and adjacent intronic sequences of SMAD4 and identified mutations in three subjects. Individual UP015 was referred to the genetic diagnostic laboratory at the University of Pennsylvania. This 37 year old has telangiectases, epistaxis, and AVMs in the lung and gastrointestinal tract. Although no family history of HHT was noted, this patient fulfils the Curaçao criteria for definite HHT. 21 This person was found to have a frameshift mutation in exon 11 of SMAD4, c.1596_97delCCinsT. After this molecular finding, inspection of patient charts revealed that this patient had colonic polyps that had been discoverd during endoscopy.
Individual 5068 (family 530) was referred to HHT Solutions in Toronto. This 39 year old has telangiectases, epistaxis, pulmonary AVMs, and liver shunts, and therefore meets diagnostic criteria as definitely affected with HHT. Although there was no reported past family history of HHT, the subject's children show some presumptive signs of HHT (epistaxis and telangiectases). A missense mutation in exon 8 of SMAD4, c.1081CRT, R361C, was found.
Individual 3892, 47 years old, was diagnosed at 13 years of age with HHT, and had telangiectases of the lips and tongue, epistaxis, and a hepatic AVM. This person has had iron deficiency anaemia for more than 15 years, requiring blood transfusions on multiple occasions, and is on regular iron supplementation. Signet ring cell type colorectal cancer located in the caecum was diagnosed in June 2004. Upon examination, seven hamartomatous polyps were found in the ascending colon and three in the duodenum. There is no history of either HHT or gastrointestinal cancer in the family. This person harboured the same SMAD4 exon 8 missense mutation (c.1081CRT, R361C) seen in patient 5068.
All three mutations identified were found within in the COOH terminus of SMAD4, where all of the mutations in previously reported JP-HHT cases have been identified (fig 1) . One mutation, c.1081CRT (R361C) in exon 8, was found in two unrelated members of our study cohort. This same mutation has been reported in a number of people with JP, [23] [24] [25] and the same base is mutated in a previously reported case of JP-HHT (c.1081CRG, p.R361G). 20 The missense mutation at codon 361 was not identified by us in 113 unaffected population controls (226 alleles) or by Houlston et al in the 50 controls (100 alleles) tested in the case of a JP patient. 23 Using two different programs that use evolutionary conservation to investigate the effects of putative missense mutations (SIFT (http://blocks.fhcrc.org/sift/SIFT.html) and PolyPhen (http://genetics.bwh.harvard.edu/cgi-bin/pph/polyphen.cgi)), the R361C amino acid change is predicted to negatively affect protein function. The third mutation found in this study constitutes a frameshift in exon 11 (c.1596_97delCCinsT). This is a novel change, although frameshift mutations in exon 11 of SMAD4 have also been identified in JP-HHT patients. 20 The total diagnostic testing cohort from the four centres was 374 HHT patients. ENG or ALK1 mutations were found in 272 people, a detection rate of 72.7%. Thus, 102 subjects (27.3%) were considered ENG/ALK1 mutation negative for this study. The 30 people available to us for research represent approximately 30% of the ENG/ALK1 mutation negative group and 8% of the total HHT cohort. SMAD4 mutations were found in three of the 30, a SMAD4 mutation rate of 10%. Extrapolating to the larger ENG/ALK1 mutation negative group, up to 10 presumptive HHT patients might harbour SMAD4 mutations. This would represent 2-3% (10/ 374) of the original cohort referred for HHT molecular testing.
DISCUSSION
DNA sequencing performed by numerous groups around the world shows that the majority of HHT patients have mutations in either ENG or ALK1.
6-14 The mutation detection rates in the scans range from 62% to 93%, a range that matches the detection rates found in scans of other genes in mendelian diseases. 15 There are several explanations why a patient might appear mutation negative in a mutation screen. For diseases such as HHT that have highly variable clinical presentations, it is possible that some of the referred patients may not actually have the disease in question. In the present study, presuming that all members of the cohort are affected HHT patients, another explanation could be that these patients may harbour non-coding mutations, such as alterations in poorly characterised regulatory regions of the gene, including the promoter, introns, and 59 and 39 untranslated regions. Additionally, large scale genomic rearrangements involving whole exons, partial gene loss or duplication, and intrachromosomal or interchromosomal rearrangements will bypass detection by DNA sequencing. It is also possible that some patients will have mutations in other genes that lead to the same disease phenotype. A recent report of two unrelated HHT families that exhibit linkage to a region on chromosome 5 demonstrates that at least one other gene is involved in HHT. 16 Non-ENG, non-ALK1 HHT patients may harbour a mutation in this as yet unidentified gene.
A final explanation for these ENG/ALK1 mutation negative HHT cases might be that some of these patients harbour mutations in SMAD4. Based on a molecular diagnosis, these patients would have the JP-HHT syndrome, but they may have been diagnosed with HHT due to occult or unrecognised manifestations of JP. In this study we queried if SMAD4 mutations were found in the general HHT population. To SMAD4 mutations found in unselected HHT patientsdetermine the answer, we sequenced the coding exons and adjacent flanking intronic regions of SMAD4 in a cohort of 30 unrelated people with presumptive HHT. These people had been referred for DNA based diagnostic testing for HHT and all were negative for mutations in ENG and ALK1. One of them had colon cancer, which is sometimes the first symptomatic manifestation of JP, but none of the others was known or reported to have JP. Although GI bleeding was reported in five of these subjects, this was interpreted as a symptom of HHT.
All of the SMAD4 mutations identified in JP-HHT patients to date are found in the COOH terminus of the protein. The three mutations identified in the subjects here are in the COOH terminus of SMAD4 and are nearly identical in location and type of mutation to those seen in JP-HHT patients (fig 1) . This strongly suggests that the three HHT subjects with SMAD4 mutations in this cohort are affected with JP-HHT syndrome. Two of these three SMAD4-HHT subjects are known to have colonic polyps, and one of these two has colorectal cancer. The status of the third individual regarding JP symptoms is unknown.
There is growing evidence of distinct phenotypic differences between patients with HHT1 and HHT2. [26] [27] [28] Similarly, other studies have demonstrated phenotypic differences between JP patients with SMAD4 mutations compared with patients with mutations in BMPR1A, 29 30 the second gene known to be involved in JP. JP is also known to be variably penetrant and is associated with an increased risk of gastrointestinal cancer. 22 31 Knowing which gene is responsible for the disease in an individual HHT patient will aid in the proper management and care of the patient and, significantly, of related family members.
We recommend that when genetic testing is advised for HHT patients, SMAD4 should be screened if no mutations are found in either ENG or ALK1. We also recommend that screening for colonic and gastric polyps be considered in people in whom neither ENG nor ALK1 mutations have been found, in whom SMAD4 mutations have been uncovered, or in anyone with anaemia that cannot be completely explained by epistaxis or some other cause. This screening will identify those HHT patients with occult polyposis. Early detection of colonic polyps in any patient, but in particular in JP-HHT patients, could prevent the development of colorectal cancer by finding and removing precancerous polyps.
There appears to be a high rate of de novo cases of JP-HHT, 20 and all three of the SMAD4-HHT patients in this study reported no family history of HHT. Although a positive family history is one of the criteria for HHT diagnosis, 21 SMAD4 mutation carriers may often lack this key diagnostic feature, potentially making the clinical diagnosis more difficult. In the cases of presumed HHT without any apparent family history, an argument might be made that SMAD4 mutation analysis should precede analysis of ENG or ALK1, as de novo mutations in these other HHT genes appear to be rare. 8 13 14 An HHT patient found to harbour a SMAD4 mutation would be a prime situation where genetic testing can be used to guide clinical management. Because of the increased risk of gastrointestinal cancer associated with JP, it is critically important for a patient with a SMAD4 mutation to be screened for JP. We suggest that HHT patients harbouring a SMAD4 mutation should be considered at high risk of JP-HHT, requiring more intensive colorectal cancer screening strategies than those recommended for the average risk population. 32 Correspondingly, JP patients with SMAD4 mutations similar to those seen in JP-HHT patients should be examined for the visceral manifestations of HHT which can present suddenly and catastrophically. SMAD4, ENG, and ALK1 are all members of the TGF-b signalling pathway, and mutations in the genes encoding them can cause a broad constellation of phenotypes with both distinct and overlapping clinical features. It has been known for a number of years that mutations in SMAD4 cause JP, 17 and we have recently shown that certain types of mutations in SMAD4 cause JP-HHT. 20 Here we report that unselected HHT patients have SMAD4 mutations that are strikingly similar to those seen in JP-HHT patients. In JP cases with the same types of SMAD4 mutations, it remains to be seen if these JP patients exhibit symptoms of HHT due to the paucity of clinical descriptions in the literature. Mutations in ENG have recently been reported in patients with JP, 33 and mutations in ALK1 cause some cases of primary pulmonary hypertension. [34] [35] [36] Molecular dissection of the interconnections between these genes and the effects of aberrant signalling through the TGF-b and other alternative signalling pathways, will help to further elucidate the pathophysiology of these inherited diseases. N Join over 1000 healthcare professionals from over 40 countries worldwide N Learn from experienced leaders and improvement experts N Gain new skills and tools for creating change in your organisation N Take home practical solutions for improvement methods http://www.quality.bmjpg.com
